showed that the respiratory activity of carefully isolated liver mitochondria was low but that the rate of respiration could be increased several-fold by addition of ADP together with inorganic phosphate, or by other phosphate-acceptor systems, or by addition of various phenols and related compounds which act by uncoupling oxidation and phosphorylation. Respiration may also be stimulated by structural damage to the mitochondria or by the addition of certain bivalent metal ions, e.g. Ca2+, Mn2+ or Sr2+, which are accumulated by the mitochondria
It has been claimed (see, for example, Chance, 1959; Slater & Hiilsmann, 1959) that the maximal rate of respiration in the presence of uncoupling agents is equal, or nearly so, to the rate observed on stimulation of respiration by adenosine diphosphate together with inorganic phosphate. However, the investigations reported in this paper have revealed that this is in general not so. Of the substrates tested, only with glutamate were the rates of adenosine diphosphate-stimulated and 2,4-dinitrophenol-stimulated respiration equal. With liver mitochondria the rates of succinate and malate oxidation stimulated by dinitrophenol were 100-200 % greater than the rate with adenosine diphosphate, when the oxaloacetate produced was removed by transamination. Further, the rates of synthesis of adenosine triphosphate with both these last-named substrates was equal, indicating that in these cases the activity of the phosphorylation system was rate-limiting. In glutamate oxidation the rate-limiting reaction appears to be the conversion of oa-oxoglutarate into succinate. Preliminary reports of this work have been published (Chappell, a, b, 1962 .
METHODS
The methods and reagents used in this investigation have been described by Chappell (1963 Chappell ( , 1964 . The preparation of pigeon-heart mitochondria, by using a proteinase (Chance & Hagihara, 1961) , was kindly carried out by Miss Tseneko Murakami. For the assay of oxidative activity, pigeonheart mitochondria were suspended in 0-20M-mannitol, 0*05M-sucrose, 20 mm-triethanolamine hydrochloride, 5-10 mM-inorganic phosphate (PI), 1 mM-ethylenediaminetetra-acetate and the substrates indicated in the text and legends to Figures. The final pH was 7-2 and the temperature always used was 250.
3-Fluoromalate and D-fl-hydroxybutyrate were kind gifts from Dr P. W. Kent andDr G. D. Greville respectively.
RESULTS
Before discussing the effects of uncoupling agents on mitochondrial oxidations it is desirable to define carefully the metabolic fate of the substrates used under the experimental conditions employed. Two simple one-step oxidations have been studied: the oxidation of succinate to fumarate and malate in the presence of 1X8 mM-Amytal (Borst & Slater, 1961) , which inhibits the further oxidation of malate, and the oxidation of D-phydroxybutyrate to acetoacetate; acetoacetate is not further oxidized by liver mitochondria (Lehninger & Greville, 1953) . The course of oxidation of isocitrate by mitochondria has been discussed by Chappell ( a, 1964 .
Oxidation of glutamate. Krebs & Bellamy (1960) have shown that alternative pathways of glutamate oxidation are possible in tissue preparations and in mitochondrial preparations from different sources. These will be called the transaminase and dehydrogenase pathways. The former results in the conversion of glutamate into aspartate through the steps shown in reactions (1) and (2).
Glutamate + oxaloacetate -+ a-oxoglutarate + aspartate (1) ax-Oxoglutarate + 30 -+ oxaloacetate + C02
(2) Glutamate + 30 -* aspartate + C02 (overall reaction) Reaction (1) is catalysed by the mitochondrial transaminase and reaction (2) is the result of the action of the oc-oxoglutarate dehydrogenase, suceinate dehydrogenase, malate dehydrogenase and fumarase. The dehydrogenase pathway involves the changes shown in reactions (3) and (4).
Glutamate +0 -+ oc-oxoglutarate + NH3
ac-Oxoglutarate + 20 -+ malate + C02 (3) (4) Glutamate + 30 -+ malate + C02 + NH3 (overall reaction)
Reaction (3) is catalysed by the glutamate dehydrogenase and the steps in reaction (4) by the m-oxoglutarate dehydrogenase, succinate dehydrogenase and fumarase.
With liver mitochondria, glutamate oxidation appears to occur almost exclusively through the transaminase pathway (Borst & Slater, 1961) and analysis of the deproteinized reaction mixtures failed to reveal any increase in the amount of ammonia present or any significant malate production (see Table 1 ); if glutamate were oxidized by the dehydrogenase pathway ammonia would be produced. It was shown that with both rat-liver and pigeon-heart mitochondria malate was the end product of ao-oxoglutarate oxidation. With ratliver mitochondria oxidizing a-oxoglutarate in the presence of 100 ,um-dinitrophenol and 5 mM-Pi the ratio malate accumulating/oxygen consumed was 0-40-0-42 tkmole/tkg.atom. If glutamate were oxidized by the dehydrogenase pathway malate accumulation would be expected, and this was not observed. However, in the presence of compounds that inhibit completely the conversion of oc-oxoglutarate into oxaloacetate (reaction 2) the transaminase pathway is not possible. Thus 3-fluoromalate, a powerful competitive inhibitor of the mitochondrial malate dehydrogenase (Gal, 1960; , allows the dehydrogenase pathway to proceed without contribution from the transaminase pathway. The effect of varying the concentration of 3-fluoromalate on the extent of inhibition of glutamate oxidation by rat-liver mitochondria is shown in Fig. l(a) . ADP-stimulated glutamate oxidation was approximately 50 % inhibited by 0 5 mM-3-fluoromalate and an eightfold increase in concentration of the inhibitor produced no further effect, indicating that this inhibitor probably had no secondary effects in this system. The degree of inhibition of glutamate oxidation was, however, dependent on the concentration of glutamate present (Fig. 1 b) . In the absence of fluoromalate the apparent Michaelis constant for glutamate was 0 6-0 8 mm, whereas in the presence of the inhibitor the corresponding constant was 5 mm. This latter value was independent of the concentration of inhibitor present over the range 0 5-4 mM-fluoromalate.
Experiments with liver mitochondria that had been lysed by addition of the detergent Triton X-100 and then suspended in the presence of 1 m1m-NAD and 1 gM-cytochrome c, revealed that fluoromalate did not inhibit glutamate oxidation under these conditions. oc-Oxoglutarate was not oxidized by these disrupted mitochondria and the observed oxygen uptake must have been due to glutamatedehydrogenase activity, Since the rate of oxygen consumption was 150 % greater than the rate with intact mitochondria oxidizing glutamate, it follows that the low rate of glutamate oxidation through the dehydrogenase pathway, with liver mitochondria, was not due to a low glutamate-dehydrogenase activity, but was due to some 'latency' phenomenon (see Chappell & Greville, 1961 . This is to be contrasted with the situation with heart mitochondria, where a deficiency of glutamate dehydrogenase appears to be responsible for the very low rate of oxidation through the dehydrogenase pathway (Borst & Slater, 1960) .
From the results presented in Table 1 it is possible to assess the maximum rates at which the individual steps involved in glutamate oxidation occur. Thus, of the three oxidative steps involved in the transamninase pathway, the rate of conversion of ac-oxoglutarate into succinate was the slowest, and it would be expected that this would be the rate-limiting step. In fact the rate of oxygen uptake in the presence of glutamate was very nearly three times the rate at which a-oxoglutarate was converted into succinate (in the presence of malonate). This was the case when both ADP and dinitrophenol (at concentrations in excess of 20 .M) were used to stimulate respiration, and with both rat-liver and pigeon-heart mitochondria. Since, in the presence of ,B-chlorovinylarsenious oxide, malate is converted into aspartate at rates of up to 0 22 pimole/mg. of protein/min. with rat-liver mitochondria and 0-17 with pigeonheart mitochondria, it follows that transaminase activity is not limiting in glutamate oxidation. The rate-limiting step in the dehydrogenase pathway would appear to be the rate at which glutamate is converted into oc-oxoglutarate and ammonia. If it is assumed that, in the presence of fluoromalate, 3 atoms of oxygen are consumed for each molecule of glutamate metabolized and, in the presence of malonate, 2 atoms, then the rate at which intact liver mitochondria are able to catalyse the glutamate-dehydrogenase step may be calculated to correspond to an oxygen consumption of 0 0177 tg.-atom/mg. of protein/min. This is to be compared with the rate of 0-25 for lysed mitochondria oxidizing glutamate to oc-oxoglutarate and ammonia in the presence of NAD and cytochrome c. Neither of these compounds affected the rate of oxidation of glutamate by untreated mitochondria.
Malate oxidation. In the presence of ,-chlorovinylarsenious oxide, glutamate oxidation is (0) and (b) non-linear rates of succinate oxidation were obtained; there was a burst of oxidative activity followed by marked inhibition (Fig. 4) . This result is consistent with the findings described above, since it has been shown that at higher dinitrophenol concentrations malate oxidation occurred and this would result in oxaloacetate production (since no transaminating agent was present) and this in turn would lead to inhibition of succinate oxidation (Pardee & Potter, 1948) . Consistent with this is the finding that the inhibition can be prevented in a variety of ways, all of which lead to the removal of oxaloacetate or prevent its production (Chappell, 1963) .
Another aspect of the inhibitory action of dinitrophenol on succinate oxidation is that the effect of oxaloacetate itself probably permits further malate oxidation; that is, the process is 'autoinhibitory'. Thus when 20 tM-dinitrophenol was used to stimulate succinate oxidation linear rates of oxygen consumption were obtained, but in the presence of 0-25 mM-malonate (Fig. 5) .
The importance of the relative activity of the succinate dehydrogenase, and of the rate at which electron transport through the cytochrome system occurs, in determining the course of succinate oxidation is best demonstrated by considering the oxidation of succinate by pigeon-heart mitochondria. Addition of ADP to a suspension of pigeon-heart mitochondria in the presence of succinate and Pi led to an atypical course of oxidation (Fig. 6) . Immediately after addition of ADP there was a burst of oxygen consumption of short duration followed by a decreased rate, which was then followed by a slow increase which coincided with a lowering of the ADP concentration, presumably, since addition of more ADP at this stage prevented the increase in rate. When the ADP had been depleted the rate characteristic of state 4 resulted. Further addition of ADP led to a repetition of the same behaviour. In the presence of Amytal a more usual pattem of oxidation was obtained, indicating that malate oxidation was involved when the barbiturate was not present. Confirmation of this was obtained from experiments of the kind shown in Fig. 3 . Pigeon-heart mitochondria were allowed to oxidize succinate in the presence of glutamate, Pi and ,B-chlorovinylarsenious oxide (to prevent glutamate oxidation). In contrast with the findings with rat-liver mitochondria, with the particles from pigeon heart the amount of malate accumulated was low when ADP and Pi were used to stimulate respiration and corresponded to that obtained with high concentrations of dinitrophenol. Only at low concentrations of dinitrophenol were significant quantities of malate accumulated and under these conditions linear rates of dinitrophenol-stimulated oxidation were also obtained.
It is possible to reduce the rate of ADP-stimulated electron transport through the cytochrome system by decreasing the rate at which ATP synthesis occurs, by using small amounts of oligomycin (Lardy, Johnson & McMurray, 1958) . In Fig. 7 the effects of increasing amounts of oligomycin on the rates of oxidation of a mixture of glutamate and succinate and of ATP synthesis (calculated from the P: 0 ratio and rate of respiration) are shown. It is significant that, as the amount of oligomycin was increased, the P: 0 ratio fell towards 2, indicating perhaps that at this stage succinate oxidation was predominating. Such titrations, when succinate was not present as a substrate (e.g. with malate), did not reveal a decrease in the P:0 ratio. With the data from Fig. 7 it was possible to decrease the phosphorylation activity of pigeon-heart mitochondria to any extent required. When this was done, linear rates of succinate oxidation by pigeon-heart mitochondria could be obtained (Fig. 8) . However, even in the presence of oligomycin addition of 100/,M-dinitrophenol caused inhibition of succinate oxidation. Oligomycin does not decrease the rate of dinitrophenol-stimulated respiration (Lardy et al. 1958 ). Subsequent addition of glutamate restored oxidative activity, again indicating that oxaloacetate production was responsible for inhibition. Taken together the experiments described above indicate that the relative activity of the succinate dehydrogenase and the rate at which electron transport occurs are of prime importance in deter- With rat-P and Pi, synthesis f electron irred and obtained.
that malate oxidation occurred and non-linear rates of succinate oxidation resulted, unless oxaloacetate was removed.
Maximum rate of synthesis of adenosine triphosphate h have a It appears that, under certain conditions, the ee below), rate at which electron transport occurs in a phosdehydro-phorylating system is limited by the rate at which were such the mitochondria are able to synthesize ATP. It may be further predicted that there should be, under given conditions, a characteristic maximum 1-20 rate at which ATP can be synthesized. Obviously for those substrates which are poorly oxidized the rate of ATP synthesis must be less than maximal, butyrate, the addition of optimum amounts of dinitrophenol produced rates of electron transport in excess of those obtained with ADP and Pi, the rate of again indicating that ATP synthesis was rate-) and ATP limiting. Fig. 9 (Chappell, 1963) . pH-dependence of phosphorylation rate In confirmation of the findings of Chance & Conrad (1959) , a single broad optimum for the rate of phosphorylation of ADP by rat-liver mitochondria was obtained, the maximum lying at approximately pH 7-2. No evidence for multiple optima of the kind described by Slater & Hulsmann (1959) could be obtained.
The ability of dinitrophenol to produce greater rates of electron transport was even more marked at alkaline pH values greater than 7-2. Thus at pH 8-2 the rate of ADP-stimulated oxidation of malate together with glutamate was only 22 % of that at pH 7-2, but 200 uM-dinitrophenol produced a rate of respiration that was 92 % of the maximal rate induced by dinitrophenol at pH 7-2. At pH 7-2 and at 250, 50/cM-dinitrophenol caused a rate of oxygen uptake which was 95 % greater than the ADP-stimulated rate of respiration; at pH 8-2 the rate with dinitrophenol was 800 % greater than the ADP-stimulated rate. A precise investigation of the pH-dependence of dinitrophenol-stimulated respiration is rendered difficult by the effect of pH on the ionization of dinitrophenol and by the inhibitory effects of dinitrophenol itself (see Fig. 9 ). The highest rate of respiration in the presence of dinitrophenol, at optimum concentration, was observed at pH 7-5 with succinate, or malate together with glutamate as substrates, but the optimum was very broad. At pH values in excess of 8-5 the dinitrophenol response rapidly decreased.
At pH values more acid than 6-5, dinitrophenol, at all concentrations tested, produced an extremely small stimulation of respiration, and in the course of 1-2 min. inhibition occurred. This effect was reversible, since, when the suspension was adjusted to pH 7-2, the rates of respiration were the same as those that would have been obtained with the amounts of dinitrophenol added, had the mitochondria never been exposed to acid conditions. Requirement for phosphate for dinitrophenolstimulated respiration In confirmation of the findings of Borst & Slater (1961) , no requirement for added Pi could be shown for the dinitrophenol-stimulated oxidation by ratliver mitochondria of substrates other than glutamate, oc-oxoglutarate and isocitrate (Chappell, a, 1964 . This was the case even at the relatively high rates of electron transport induced by 100-200/LM-dinitrophenol, under the conditions defined above, and in the presence of oligomycin. Since the latter compound almost completely inhibits the dinitrophenol-stimulated adenosine triphosphatase and the ATP-Pi-exchange reaction Table 2 . Effect of temperature on the rate of synthesis of adenosine triphosphate by rat-liver mitochondria Rates of ATP synthesis were obtained from the rate of oxygen consumption in the presence of ADP and the P:O ratio determined by the method of Chance & Williams (1955) . Concentrations of substrates: 10 mM-succinate, 10 mM-glutamate, 5 mM-D-f-hydroxybutyrate, 5 mM-L,( + )-isocitrate and 1 mM-malate. (Lardy et al. 1958) , the fact that this inhibitor did not affect the rate of respiration at any concentration of the phenol precludes the possibility that the dinitrophenol-elicited adenosine triphosphatase plays a significant role in dinitrophenol-stimulated respiration. Indeed these findings lend strong support to the view that dinitrophenol acts at a site before the entry of ADP and Pi into the phosphorylation process (Slater & Hulsmann, 1959; Borst & Slater, 1961) However, in marked contrast with the findings with rat-liver mitochondria, P, was required for maximal rates of dinitrophenol-stimulated oxidation ofboth succinate and malate (in the presence of glutamate and f-chlorovinylarsenious oxide) by pigeon-heart mitochondria. Thus before significant rates of dinitrophenol-stimulated oxidation could be demonstrated it was necessary to incubate the mitochondria with both substrate and Pi. This was the case when Amytal or a transaminating system was present and, under both these sets of condi- tions, interference from the inhibitory effects of oxaloacetate would be expected to be minimal (see Azzone & Ernster, 1960) . It may even be that the mechanism of stimulation of respiration by dinitrophenol in heart mitochondria is different or that Pi is required for the process of electron transport itself in this case (Bonner, 1954) .
DISCUSSION
At the relatively low rates of electron transport obtained on addition of ADP and Pi to liver mitochondria or of low concentrations of dinitrophenol to either liver or pigeon-heart mitochondria, succinate was oxidized to fumarate and malate; this latter compound was not oxidized to any significant extent. Only when the concentration of dinitrophenol was increased, or with pigeon-heart mitochondria on addition of ADP (or alternatively when the activity of the succinate dehydrogenase was reduced by addition of malonate), was significant malate oxidation observed.
Perhaps the most important feature to be considered is the competition between the succinate dehydrogenase and malate dehydrogenase for oxidized cytochrome b, or some other common component at approximately this level in the electron-transport chain (Scheme 1). Solely on the basis of the relative activity of the two dehydrogenases (Table 1) there is no reason to believe that the succinate would be markedly more effective than the malate dehydrogenase in reducing cytochrome b. However, the succinate dehydrogenase is able to reduce cytochrome b without any requirement for ADP and Pi, or for intermediates liberated as a result of the action of dinitrophenol or other uncoupling agents; in a coupled system, before NADH2 can reduce cytochrome b these components must be available. For convenience it may be assumed that some intermediate X I is synthesized from compound X and I as a result of electron transport ( Since it is assumed that dinitroph the breakdown of X I (reaction B), that at low concentrations of the phen which electron transport occurs will be to the rate at which X and I are proN these conditions the succinate dehyd an obvious advantage in competir chrome b.
Application of reaction kinetics to the type Kdinitrophenol X I + dinitrophenol [X I*dinitrophenol]* X+I+I Ld that X and P: 0 ratio and the extent of oxidation of nicotinto occur (see, amide nucleotide coenzyme on addition of ADP were determined in a suspension of liver mitochondria in the presence of succinate, glutamate (A) and ,B-chlorovinylarsenious oxide. The arsenical compound was added to prevent the oxidation of glutamate and the consequent reduction of nico-* X + I (B) tinamide nucleotide. The effect of malonate on enol leads to these particles was determined. Two features it is apparent should be noted. First, as the malonate concentralol the rate at tion was increased the extent of oxidation of nico-3 proportional tinamide nucleotide in the presence of ADP, that is vided. Under during the active phase of respiration, was inlrogenase has creased. Secondly, the P:O ratio also increased ng for cyto-with malonate concentration, indicating that malate oxidation was contributing to the overall a scheme of change. This is also indicated by the Amytal sensitivity of ADP-stimulated succinate oxidation in the presence of malonate. A separate experiment, under otherwise identical conditions, redinitrophenol vealed that, after the consumption of 0 48 ,ug.atom leads to the relationship
The values of K t,.ph.oI for dinitrophenolstimulated adenosine triphosphatase, for dinitrophenol-stimulated malate and succinate oxidation, with both rat-liver and pigeon-heart mitochondria, were in the range 50-60/tM at pH 7-2 and 250 (obtained from Lineweaver-Burk plots) (see Chappell, 1963) . These results indicate that there is only one site at which dinitrophenol acts and which is rate-limiting. Further, at low dinitrophenol concentrations it would be expected from the above equation that the rate of increase of the rate of respiration with dinitrophenol concentration would be directly proportional to its concentration, and that for various processes, e.g. NADH2 and succinate oxidation, would be proportional to the maximum velocity of oxidation, V,. Thus the ratio for the maximum rates of succinate and malate oxidation (Table 1) is of the order of 1-5, which is the observed ratio of the slopes of the rate of increase of the rate of respiration with dinitrophenol concentration for the two substrates. Dr R. W. Estabrook (personal communication) has obtained similar results by comparing the rates of succinate and ,B-hydroxybutyrate oxidation.
Another contributory feature may be the high level of the process of reversed electron transport from cytochrome b to NAD (see Chance & Hollunger, 1960 ). The steady-state level of oxidized nicotinamide nucleotide coenzyme may be expected to control the extent to which malate could be oxidized. In Fig. 10 (0) Greengard, Minnaert, Slater & Betel (1959) have shown that when rat-liver mitochondria oxidized succinate at concentrations less than 30 mm, in the presence of hexokinase and glucose, significant oxidation beyond the malate stage occurred. At higher succinate concentrations, or with rat-heart mitochondria, oxidation of malate derived from succinate did not occur to any extent. These findings are the opposite of those reported in this paper, if it is assumed that mitochondria derived from pigeon and rat hearts behave in the same way. However, the findings of these workers may be explained readily in terms of the above hypothesis. Over the relatively long periods of observation (20-35 min.) used by Greengard et al. (1959) substantial amounts of malate and fumarate would accumulate. These compounds would be expected to act as malonate did in the experiment shown in Fig. 10 , that is to reduce the activity of the succinate dehydrogenase by competitive inhibition, thus permitting malate oxidation to occur. Since no transaminating agent was added in their experiments it would be expected that low rates of oxidation, probably due to accumulation of oxaloacetate, would result. This appears to be the case since the value given by them at a concentration of 15 mm-succinate for rat-liver mitochondria at 250 was 0 05,ug.atom/mg. of protein/min.; this value is to be compared with the rates of ADP-stimulated succinate oxidation obtained with the oxygen electrode of 0-16-0*18. Only at 60 mM-succinate did Greengard et al. (1959) obtain rates of respiration approaching the latter value. That malate oxidation and the consequent production of oxaloacetate reduced the rate of succinate oxidation with their heart mitochondria is supported by their finding that Amytal caused a 60-100 % increase in the rate of respiration, even at high succinate concentrations.
The results described in this paper are consistent with the hypothesis that the rate-limiting step in some mitochondrial oxidations is the rate at which ATP can be synthesized. In other cases, dehydrogenase activity is limiting. With glutamate or xoxoglutarate as substrates the conversion of the latter compound into succinate appears to be the slowest reaction and with D-f-hydroxybutyrate oxidation the dehydrogenase is limiting, but apparently only at temperatures below 380 (Table 2) . SUMMAlRY 1. With rat-liver mitochondria glutamate is oxidized mainly by the transaminase pathway of Krebs & Bellamy (1960) . However, in the presence of malonate or 3-fluoromalate, glutamate is oxidized through the dehydrogenase pathway. In the presence of 3-fluoromalate the rate is 50 % of that of the normal observed rate of adenosine diphosphate-stimulated glutamate oxidation. The ratelimiting reaction in the oxidation of glutamate by rat-liver and pigeon-heart mitochondria is possibly the rate at which oc-oxoglutarate is converted into succinate, when oxidation occurs through the transaminase pathway, and the glutamate dehydrogenase when oxidation occurs through the dehydrogenase pathway.
2. The rate of oxidation of succinate or of malate in the presence of glutamate appears to be limited by the rate at which adenosine triphosphate can be synthesized. 2,4-Dinitrophenol caused higher rates of oxygen uptake than adenosine diphosphate and phosphate, with these substrates.
3. The extent to which the malate derived from succinate oxidation is further metabolized with both liver and pigeon-heart mitochondria depends on both the activity of the succinate dehydrogenase and the rate of flux of electrons through the respiratory chain. At low dinitrophenol concentrations, or with liver mitochondria with adenosine diphosphate, the malate was not oxidized to any significant extent. At higher dinitrophenol concentrations, and with pigeon-heart mitochondria with adenosine diphosphate, the malate derived from succinate oxidation was oxidized. In the absence of suitable systems for removal of oxaloacetate this resulted in an inhibition of succinate oxidation.
I thank Dr Britton Chance for the facilities he has provided for a part of this investigation. (Davis & Mingioli, 1953; Schwinck & Adams, 1959) , but examination of the auxotrophs has shown that their requirements are due either to partial blocks further back than compound X or to two separate mutations affecting the conversion of prephenic acid into phenylpyruvic acid on the one hand and into 4-hydroxyphenylpyruvic acid on the other.
The present paper concerns the search for the hypothetical compound X. Study of the reactions in the region of compound X is complicated by the fact that blocking one reaction results in shunting of the intermediates along alternative pathways (Morgan, Gibson & Gibson, 1962) . By imposing subsequent mutations affecting each pathway in turn it was hoped to obtain cell extracts that would accumulate compound X itself. To this end a strain of Aerobacter aerogenes (T 17) was used, cell-free extracts of which had previously been studied for their ability to carry out the conversion of shikimic acid into anthranilic acid or the phenylpyruvic acids (Morgan et al. 1962; Morgan, Gibson & Gibson, 1963) . In the present work this strain was irradiated and further mutants were isolated with additional metabolic lesions affecting the phenyl-
